Highlights d CXCL10 is upregulated in metastases-associated astrocytes in vivo d Astrocyte-derived CXCL10 enhances melanoma cell migration toward astrocytes d CXCR3, the receptor for CXCL10, is upregulated in braintropic melanoma cells d Targeting CXCR3 expression attenuates the formation of melanoma brain metastases SUMMARY Melanoma is the deadliest skin cancer due to its high rate of metastasis, frequently to the brain. Brain metastases are incurable; therefore, understanding melanoma brain metastasis is of great clinical importance. We used a mouse model of spontaneous melanoma brain metastasis to study the interactions of melanomas with the brain microenvironment. We find that CXCL10 is upregulated in metastasis-associated astrocytes in mice and humans and is functionally important for the chemoattraction of melanoma cells. Moreover, CXCR3, the receptor for CXCL10, is upregulated in brain-tropic melanoma cells. Targeting melanoma expression of CXCR3 by nanoparticle-mediated siRNA delivery or by shRNA transduction inhibits melanoma cell migration and attenuates brain metastasis in vivo. These findings suggest that the instigation of pro-inflammatory signaling in astrocytes is hijacked by brain-metastasizing tumor cells to promote their metastatic capacity and that the CXCL10-CXCR3 axis may be a potential therapeutic target for the prevention of melanoma brain metastasis.
In Brief
Melanoma brain metastases are incurable. Doron et al. find that astrocytesecreted CXCL10 is functional in melanoma chemoattraction to the brain. CXCR3, the CXCL10 receptor, is upregulated in brain-seeking melanoma cells. Silencing CXCR3 expression attenuates brain metastasis, suggesting that the CXCL10-CXCR3 axis may be a therapeutic target for melanoma brain metastasis.
INTRODUCTION
Malignant melanoma is the deadliest of all skin cancers (Ankeny et al., 2018; Arnold et al., 2014) . The major cause of melanoma mortality is its high metastasis rate to distant organs, frequently to the brain (Nayak et al., 2012) . Brain metastases are incurable and are associated with a dismal survival. The incidence of brain metastasis has increased in recent years as a result of improved diagnostic imaging of smaller, asymptomatic brain metastases and improved control of extracranial disease by systemic ther-apy, enabling the emergence of otherwise not clinically manifested metastases (Nayak et al., 2012; Wang et al., 2017) .
Metastasis is a multistage process, facilitated by the microenvironment (Joyce and Pollard, 2009 ). Multiple studies have demonstrated that changes in the metastatic microenvironment precede clinically relevant metastases (Erez and Coussens, 2011; Joyce and Pollard, 2009; Peinado et al., 2017) . Tumor cells were shown to induce the reprogramming of cells in the microenvironment to form a hospitable metastatic niche by paracrine and systemic secretion of soluble factors and exosomes (Hoshino et al., 2015; Peinado et al., 2011 Peinado et al., , 2017 . However, changes in the brain microenvironment that enable metastatic seeding and growth are poorly understood.
The brain encompasses a unique microenvironment that maintains the physiological homeostasis and orchestrates the response to pathological dysregulations, including cancer (Valiente et al., 2018) . One of the central components of the brain microenvironment are astrocytes, glial cells that perform many functions in maintaining brain homeostasis and that play a principal role in tissue repair processes. Following brain insult, astrocytes are activated in a response called astrogliosis, characterized by the upregulation of glial fibrillary acidic protein (GFAP), increased production and remodeling of intermediate filament proteins (Pekny et al., 2014) , and upregulation of pro-inflammatory cytokines and chemokines (Doron et al., 2019) . Astrocyte activation and neuroinflammation can be driven by activated microglia and immune cells (Liddelow and Barres, 2017; and are characterized by the release of pro-inflammatory mediators, increased blood-brain barrier permeability, and leukocyte infiltration (Burda and Sofroniew, 2014) . While much data have accumulated on the role of astrogliosis and neuroinflammation in neurodegenerative and autoimmune diseases in the CNS (Skaper et al., 2018) , the role of neuroinflammation in brain tropism and metastasis is largely unknown.
Astrocytes were shown to support the growth and infiltration of tumor cells in the brain parenchyma by various mechanisms (Chuang et al., 2013b; Kim et al., 2011 ; Lin et al., 2010; Placone Figure 1 . Astrocytes Are Activated by Melanoma Cells to Express and Secrete Pro-inflammatory Cytokines In Vitro and In Vivo (A) Scheme of astrocyte activation: normal astrocytes are incubated with RMS-CM, washed, and incubated with fresh SFM to produce activated astrocyte-CM. SFM, serum-free medium; CM, conditioned medium. Isolation and purity analyses of cultured astrocytes are shown in Figures S1A-S1E. et al., 2016) . Moreover, astrocytes were implicated in supporting the growth of brain-metastasizing tumor cells via pro-inflammatory signaling (Klein et al., 2015; Priego et al., 2018; Schwartz et al., 2016) , but the underlying mechanisms remain unresolved.
We previously established a mouse model of spontaneous melanoma brain metastasis. This model, based on the subdermal implantation of melanoma cells (RMS cells, derived from Ret-melanoma transgenic mice), recapitulates the pathological multistep process of spontaneous metastasis following surgical removal of the primary tumor . We found that astrogliosis and neuroinflammation are instigated during the formation of brain micrometastases and that astrocytes facilitate the initial growth of melanoma cells in the brain. Furthermore, we showed that the chemokine CXCL10, known to be upregulated during gliosis (Zamanian et al., 2012) , is upregulated in the brain metastatic microenvironment. CXCL10 belongs to the CXC chemokine family and is a ligand of the CXCR3 receptor. CXCL10 is secreted in response to interferon-g (IFN-g) by various cell types, including monocytes, endothelial cells, fibroblasts, and astrocytes, and was shown to modulate the migration of monocytes, macrophages, T cells, and natural killer (NK) cells (Metzemaekers et al., 2018) . Moreover, CXCL10 levels are elevated in advanced melanoma patients and were associated with poor clinical outcomes (Jiang et al., 2015; Wightman et al., 2015) . We therefore hypothesized that astrocyte-derived CXCL10 may be involved in facilitating melanoma brain tropism and metastasis.
Here, we show that the chemokine CXCL10 is upregulated in metastases-associated astrocytes, and its secretion is functionally important for the astrocyte-mediated chemoattraction of melanoma cells. Moreover, we found that the CXCL10 receptor CXCR3 is upregulated in brain-tropic melanoma cells, and that targeting its expression resulted in the inhibition of melanoma brain metastasis.
RESULTS

CXCL10 Is Upregulated in Metastasis-Associated Astrocytes
We previously demonstrated that astrocytes are activated by melanoma-secreted factors to upregulate the expression of mul-tiple pro-inflammatory factors, including CXCL10 . To investigate pro-inflammatory reprogramming of astrocytes by melanoma cells, we performed experiments with primary astrocytes, isolated from normal adult mice (Figure S1A) . Analysis of cultured astrocytes by immunostaining, qPCR, and fluorescence-activated cell sorting (FACS) confirmed the purity of isolated astrocytes. Astrocyte cultures did not contain immune cells or microglia (Figures S1B-S1E). We then analyzed the expression of multiple inflammatory mediators in astrocytes activated by incubation with melanoma-secreted factors using a cytokine array. We found that CXCL10 was the most highly upregulated factor in activated astrocytes ( Figures  1A-1C ). Control non-activated astrocytes had almost no basal CXCL10 expression, in agreement with our previous observations at the mRNA level . Analysis of CXCL10 secretion by ELISA confirmed that CXCL10 was highly secreted by activated astrocytes compared to normal astrocytes ( Figure 1D ). We next set out to assess whether CXCL10 is expressed in metastases-associated astrocytes (MAAs) in vivo. To that end, we isolated MAAs by FACS sorting of mCherry À CD45 À ACSA-2 + cells from the brains of mice bearing macrometastases from intracardiac or intracranial injections ( Figures 1E and S1F ). The purity of sorted astrocytes was validated by analyzing the expression of cell-specific markers (Figure S1G) . Expression analysis of sorted cells revealed that Cxcl10 was highly upregulated in MAAs compared with normal astrocytes ( Figure 1F ). To further validate the expression of CXCL10 in MAAs in vivo, we performed co-staining of CXCL10 and GFAP in melanoma lesions arising in the brains of mice that were injected intracranially, as compared with normal brains. Analysis of the results revealed that reactive astrocytes adjacent to melanoma cells expressed CXCL10 (Figures 1G, S2A, and S2B) . We also validated the expression of CXCL10 in MAAs in our established model of spontaneous brain metastasis ( Figure 1H ). Brains bearing spontaneous metastases showed CXCL10 expression in astrocytes already in micrometastases (Figures 1I, S2C, and S2D) . The expression of CXCL10 was evident also in MAAs adjacent to spontaneous macrometastases ( Figure 1J ), suggesting that CXCL10 plays a role throughout different stages of metastasis formation. Notably, while CXCL10 (B and C) Cytokine array analysis (B) and representative membrane blots (C) of pro-inflammatory factors in activated astrocytes and normal astrocytes. Astrocytes were activated as in (A), lysed, and hybridized with the mouse cytokine array panel. In (C), box indicates CXCL10; n = 2. (D) ELISA of CXCL10 in normal or activated astrocyte-CM, representative of n = 3 independent experiments. The data are presented as means ± SDs of technical duplicates; one-tailed Student's t test; *p = 0.0260. (E) Sorting strategy for metastases-associated astrocytes. The ACSA-2 antibody was used to isolate astrocytes from normal brains or macrometastases-bearing brains following intracardiac or intracranial injections. The purity analysis of sorted astrocytes is shown in Figures S1F and S1G. (F) Cxcl10 expression was analyzed by qPCR and the results were normalized to Hprt and to the normal control group. Representative of n = 2 independent experiments, n = 4 pooled brains in each. The data are presented as means ± SDs of technical repeats; two-tailed Student's t test; *p = 0.0329. (G) Co-staining of astrocytes (GFAP, magenta) and CXCL10 (green) in brain macrometastases following intracranial injections (melanoma, mCherry red). Scale bar, 50 mm. At right, only the magenta and green channels are shown. (H) Spontaneous melanoma brain metastasis model scheme.
(I) Co-staining of astrocytes (GFAP, magenta) and CXCL10 (green) in spontaneous brain micrometastases (melanoma, mCherry red). Scale bar, 25 mm. At right, only the magenta and green channels are shown. (J) Co-staining of astrocytes (GFAP, magenta) and CXCL10 (green) in spontaneous brain macrometastases (melanoma, mCherry red). Scale bar, 50 mm. Only the magenta and green channels are shown in the center. The 3D maximal projection is shown at right. and GFAP stainings overlapped, they were not completely aligned, as GFAP is a cytoskeletal marker and CXCL10 is a cytoplasmatic or secreted protein ( Figure 1J , right panel). Finally, we asked whether CXCL10 expression in astrocytes is relevant to human melanoma brain metastasis. To that end, we analyzed frozen specimens obtained from patients undergoing surgical resection of melanoma brain metastases. Co-staining with GFAP and CXCL10 confirmed that CXCL10 is expressed in astrocytes infiltrating metastatic melanoma lesions ( Figure 1K ). Similar to our findings in the mouse model, CXCL10 was expressed in human melanoma brain metastatic cells. These results support our findings that CXCL10 expression is characteristic of inflammatory astrocytes in brain metastasis, and it encouraged us to further unravel its functional role.
CXCL10 Is Functionally Necessary for Astrocyte-Driven Melanoma Cell Migration CXCL10 is a known T cell chemoattractant, operating via its cognate receptor CXCR3 (Metzemaekers et al., 2018) . Astrocytes were recently shown to orchestrate T cell recruitment to the brain via their CXCL10 secretion in multiple sclerosis (Cheng and Chen, 2014; Sørensen et al., 2002) and during viral CNS infections (Phares et al., 2013) . We therefore hypothesized that melanoma cells hijack this physiological pathway, resulting in the brain tropism of brain-metastasizing melanoma cells. To test our hypothesis, we characterized the role of astrocytederived CXCL10 in mediating the chemoattraction of melanoma cells to the brain. To that end, we established a spontaneous brain-seeking melanoma cell line by injecting mice subdermally with RMS cells. Primary tumors were surgically removed, and melanoma cells from ensuing spontaneous melanoma brain and lung macrometastases were isolated and cultured. These cells were designated sBT-RMS (spontaneous brain-tropic RMS) and sLT-RMS (spontaneous lung-tropic RMS), respectively ( Figure 2A ). To assess the brain-infiltrating capacity of the metastatic variants, we used an ex vivo 3-dimensional (3D) organotypic model that allows the quantification of tumor cell infiltration to the brain parenchyma ( Figure S2E ; Chuang et al., 2013a; Schwartz et al., 2016) . Analysis of the results revealed that sBT-RMS cells exhibited a higher capacity to infiltrate the brain parenchyma compared with the RMS parental melanoma cell line. This infiltrative capacity was brain specific, as the infiltration of the lung-tropic variant was significantly lower (Figures 2B, 2C, and S2F) . To further validate the brain tropism of the newly isolated sBT-RMS cells compared to RMS cells in vivo, we injected the cells subdermally. Notably, analysis of primary tumor growth indicated similar growth kinetics ( Figure 2D ). Analysis of brain metastatic load indicated that sBT-RMS-injected mice developed more brain micrometastases compared with RMS-injected mice ( Figure 2E ). This advantage was indeed brain specific: analysis of lung metastatic load by gross inspection and by qPCR analysis indicated that sBT-RMS-injected mice had fewer lung macrometastases compared to the RMS-injected group (Figures S2G and S2H) . Thus, the establishment of brain tropism following interactions between melanoma cells and the brain microenvironment may be organ specific.
We next assessed the functional role of astrocyte-derived CXCL10 in mediating melanoma cell migration by analyzing the migration of melanoma cells toward astrocytes in Transwell assays. To specifically analyze the functional importance of CXCL10 in promoting melanoma cell migration, we added neutralizing antibodies ( Figure 2F ). We found that CXCL10 neutralization significantly attenuated melanoma cell migration toward astrocytes, suggesting that astrocyte-induced migration of melanoma cells is mediated, at least partially, by CXCL10 (Figures 2G and 2H) .
Intrigued by these findings, we asked whether the brain-tropic nature of the sBT-RMS cell line is dependent on CXCL10. To that end, we tested the migration capacity of the sBT-RMS cell line toward astrocytes as compared with RMS cells. We found that both RMS and sBT-RMS cells exhibited increased migration toward astrocytes compared to the serum-free media (SFM) control and that sBT-RMS cells had a significantly enhanced capacity to migrate toward astrocytes. This effect was inhibited by the addition of CXCL10-neutralizing antibodies ( Figures 2I and 2J) . Thus, the enhanced brain-metastatic capacity of the sBT-RMS Chi-square test, *p = 0.02. (D and E) Analysis of sBT-RMS brain-metastatic potential in vivo, compared to parental RMS cells, using the spontaneous model shown in Figure 1H . n = 12 mice per group were injected and excluded from analysis if lung macrometastases or primary tumor recurrences formed before the endpoint. (D) Primary tumor growth kinetics of RMS or sBT-RMS-injected mice. The data are presented as means ± SEMs; n.s., not significant. (E) qPCR analysis of mCherry expression as a determinant of brain metastatic load, showing the percentage of mice with brain micrometastases. RMS: n = 6, sBT-RMS: n = 11, normal controls: n = 3. The analysis of the lung metastasis is shown in Figures S2G and S2H . (F) Transwell assay experimental design, 48 h migration. (G) Representative images of RMS migration toward control (SFM), astrocytes (AST), or astrocytes +anti-CXCL10 antibody (Ab.); scale bars, 500 mm. (H) Quantification of (G); the data are presented as means ± SEMs of 45 fields per treatment group from n = 3 independent biological repeats. One-way ANOVA with Tukey's post hoc test; ****p < 0.0001. (I) Representative images of RMS and sBT-RMS migration toward SFM, astrocytes, or astrocytes +anti-CXCL10 Ab.; scale bars, 500 mm. (J) Quantification of (I); the data are presented as means ± SEMs of 30 fields per treatment group from n = 3 independent biological repeats. Two-way ANOVA with Tukey's post hoc test; **p < 0.002, ***p < 0.0005, and ****p < 0.0001. (K) Representative images of sh1-CXCL10 and sh2-CXCL10 migration toward SFM, astrocytes, and astrocytes +anti-CXCL10 Ab.; scale bars, 150 mm. (L) Quantification of K; the data are presented as means ± SEMs of 30 fields per treatment group from n = 3 independent biological repeats. Two-way ANOVA with Tukey's post hoc test; ****p < 0.0001. CXCL10 silencing validation and the scramble control migration experiment are shown in Figures S2I and S2J . cells may be mediated by astrocyte-derived CXCL10 signaling. Since melanoma cells also express CXCL10 (Harlin et al., 2009; Mauldin et al., 2015) , we wanted to specifically analyze the functional importance of astrocyte-derived CXCL10 for melanoma cell migration. To that end, we knocked down the expression of CXCL10 in melanoma cells by lentiviral transduction of CXCL10-targeting small hairpin RNA (shRNA), so that astrocytes are the only source of CXCL10 in the Transwell migration assays. CXCL10 knockdown (KD) was confirmed by qPCR analysis of the CXCL10-KD variants (sh1-and sh2-CXCL10 RMS cells) compared to the scramble-infected (SC-RMS) control cells ( Figure S2I ). Transwell migration assays indicated that inhibiting the function of astrocyte-derived CXCL10 with neutralizing antibodies significantly attenuated tumor cell migration ( Figures 2K and 2L) , further confirming the central role of astrocyte-derived CXCL10. SC-RMS cells had a higher overall migration compared with CXCL10-KD cells ( Figure S2J ), demonstrating the role of autocrine CXCL10 signaling in enhancing the migration of melanoma cells. Thus, while melanoma autocrine CXCL10 signaling can mediate cell migration, we show that astrocyte-derived CXCL10 is functionally important in enhancing melanoma migration.
CXCR3 Is Highly Expressed in Brain-Tropic Melanoma Cells and Is Functionally Important in Facilitating Melanoma Cell Migration
The CXCL10-CXCR3 axis was previously shown to be involved in the tropism of melanoma cells to the lungs . However, the role of astrocyte-derived CXCL10 in facilitating brain tropism via this signaling axis is unknown. Thus, we compared CXCR3 expression in the parental cell line (RMS) with organ-tropic variants, including a brain-tropic variant (BT-RMS) that we previously established by serial intracardiac injections , and the spontaneous brain-tropic and lung-tropic melanoma cells (sBT-RMS and sLT-RMS, respectively). qPCR analysis revealed that the brain-tropic variants of melanoma expressed higher levels of Cxcr3 compared to the parental cells ( Figure 3A ). Analysis at the protein level by FACS confirmed that a subpopulation of sBT-RMS cells express higher levels of CXCR3 compared to RMS ( Figures 3B and S3A) . Thus, CXCR3 is upregulated in brain-tropic cells, suggesting that this chemokine receptor has a functional role in the capacity of melanoma cells to metastasize to the brain. To investigate the functional role of CXCR3 in melanoma brain tropism, we knocked down its expression by lentiviral transduction in RMS cells. Analysis of knockdown efficacy at the RNA level confirmed a significant silencing of Cxcr3 expression ( Figure 3C ), and FACS analysis verified the downregulation of CXCR3 (Figures 3D, 3E , and S3B), providing us with an experimental tool to further study the functional role of CXCR3 in mediating melanoma cell migration and brain metastasis. We next performed a migration assay and found that the migration of CXCR3-KD RMS cells toward astrocytes was strongly attenuated compared to the SC-RMS control ( Figures 3F and 3G) , confirming that melanoma cell migration is mediated by the CXCL10-CXCR3 axis. Immunostaining of tissue samples from patients with melanoma brain metastases showed that CXCR3 is expressed in human brain metastatic melanoma cells, suggesting that this signaling axis plays a role in human disease ( Figure 3H ).
Based on these findings, we next asked whether CXCR3 could be a potential therapeutic target to inhibit melanoma migration and metastasis. For therapeutic targeting, we used amphiphilic polyplex nanocarriers, which were recently shown to be effective for the systemic administration of RNAi to tumors Polyak et al., 2017) . Moreover, the amphiphilic polyglutamate amine (APA) polymeric nanocarrier complexed with a combination of miR-34a and small interfering RNA (siRNA) targeting PLK1 was demonstrated to be therapeutically functional in a mouse model of orthotopic pancreatic cancer by inhibiting tumor growth and prolonging survival . Here, we The results were normalized to Hprt and RMS. The data are presented as means ± SEMs from n = 3 independent repeats. One-way ANOVA with Tukey's post hoc test; *p = 0.0267. (B) FACS analysis of CXCR3 in cultured RMS and sBT-RMS cells. Representative of n = 3 independent repeats. Isotype control and gating strategy are shown in Figure S3A . SSC, side scatter. (C) qPCR analysis of Cxcr3 silencing validation in the CXCR3-KD cell lines. The results were normalized to Hprt and SC-RMS. The data are presented as means ± SEMs of the biological repeats from n = 5 experiments. One-way ANOVA with Tukey's post hoc test; **p = 0.0024 and ***p = 0.0003. (D) FACS analysis of CXCR3 expression in cultured SC-RMS and sh2-CXCR3 cells. Representative of n = 2 repeats. Isotype control and gating strategy are shown in Figure S3B . FSC, forward scatter. (E) CXCR3 expression in the total cell population presented as a quantification of mean fluorescent intensity (DMFI). The data are presented as means ± SEMs of the measurements from n = 2 independent repeats. The results were normalized to SC-RMS. One-way ANOVA with Tukey's post hoc test; *p = 0.0322 and **p = 0.0024. (F) Representative images of sh1-CXCR3 and sh2-CXCR3 migration toward SFM and astrocytes, seeded and analyzed as in Figure 2F . Scale bars, 500 mm. (G) Quantification of (F). The data are presented as means ± SEMs of 30 fields from n = 3 independent repeats. Two-way ANOVA with Tukey's post hoc test; ****p < 0.0001. (H) Co-staining of astrocytes (GFAP, green) and CXCR3 (red) in human tissue sections of melanoma brain metastases. Scale bars, 100 mm. Representative of multiple fields analyzed from n = 2 patients. (I) Scheme of the amphiphilic aminated poly(a)glutamate cationic-based polymer (APA). (J) Representative qPCR analysis of Cxcr3 in RMS cells incubated with polyplexes APA:siRNA-1 CXCR3 or APA:siRNA-2 CXCR3 compared to untreated or negative control siRNA (APA:siRNA EGFP). The results were normalized to Hprt and the untreated control. The data are presented as means ± SDs of technical repeats; n = 2 independent repeats. One-way ANOVA with Tukey's post hoc test; **p = 0.003 and ****p < 0.0001. (K) Representative migration images of RMS cells treated with the polyplex targeting CXCR3, at 103 magnification. (L) Quantification of (K). The data are presented as means ± SEMs of the technical repeats from n = 2 independent experiments. One-way ANOVA with Tukey's post hoc test; **p = 0.0042 and ****p < 0.0001. Additional data on the polyplexes are presented in Figures S3C and S3D . (legend continued on next page) complexed APA with RNAi to silence Cxcr3. Two sequences of siRNA oligonucleotide sequences targeting Cxcr3 (siRNA-1 and siRNA-2) were used for the complexation with APA (Figure 3I) . Electrophoretic mobility shift assay (EMSA) verified the formation of the polymer:siRNA polyplexes according to the number of positively charged amino groups (N) neutralized by the negative charge of the siRNA phosphates (P). The selected N:P ratio 2, resulted in nanosized ($180 nm) and positively charged (z potential of $+22 mV) polyplexes. The obtained polyplex is stable for up to 24 h in plasma, protecting the siRNA from degradation in the bloodstream ( Figure S3C ). Both APA:CXCR3 siRNA-1 and siRNA-2 polyplexes significantly reduced the expression of Cxcr3 compared to the untreated and the negative control (NC) siRNAs ( Figure 3J ). Furthermore, the APA:CXCR3-siRNA polyplexes did not show toxic effects on the viability of melanoma cells ( Figure S3D ). The achieved downregulation of Cxcr3 resulted in a significant inhibition (60%-70%) of melanoma cell migration toward astrocytes, compared to the migration of untreated cells ( Figures 3K and 3L ), suggesting that targeting CXCR3 on tumor cells may be therapeutically beneficial. To further elucidate the importance of CXCR3 in facilitating brain tropism, we engineered the parental RMS cells to overexpress CXCR3 ( Figure S4A ) and tested the effect of this enhanced expression on their capacity to colonize the brain, as compared with control cells transduced with the backbone plasmid. Analysis of brain metastases indicated that CXCR3-overexpressing RMS cells formed more brain macrometastases ( Figures S4C  and S4D ). sLT cells did not form any brain macrometastases, even following the overexpression of CXCR3 ( Figures S4B and  S4C ), suggesting that their reprogramming in the lung microenvironment was organ specific, and did not endow them with an advantage in the brain. These results support our hypothesis that CXCR3 high melanoma cells are better equipped to colonize the brain.
CXCL10 Secreted from Melanoma-Activated Astrocytes Enhances T Cell Migration and Upregulates ITGb4 in Melanoma Cells
Previous studies demonstrated the presence of T cells in human melanoma brain metastasis (Amit et al., 2013; Berghoff et al., 2015b) . To assess T cell infiltration to melanoma brain metastasis, we performed immunostaining, which indicated that CD3 + T cells were associated with spontaneous melanoma brain macrometastases, but they could not be detected in normal brains ( Figure 4A ). Since CXCL10 is a known chemoattractant for T cells, we next asked whether pro-inflammatory activation of astrocytes by melanoma cells facilitates their capacity to recruit T cells. We isolated murine splenocytes and validated their purity ( Figure 4B ). We then assessed the capacity of T cells to migrate toward astrocyte-secreted factors using a Transwell assay ( Figure 4C ). T cell migration toward activated astrocyte-CM (conditioned medium) (activation as in Figure 1A) was enhanced compared to their migration toward normal astrocyte-CM. Moreover, the activation of astrocytes by secreted factors of brain-tropic cells (sBT-RMS-CM) gave rise to significantly more T cell migration than normal astrocyte-CM, suggesting that the interactions of astrocytes with melanoma cells activate their physiological tissue damage response, resulting in the instigation of neuroinflammation. Furthermore, the addition of CXCL10-neutralizing antibodies significantly inhibited T cell migration ( Figures 4D and 4E ), suggesting that astrocytederived CXCL10 is necessary for mediating T cell chemoattraction, in agreement with its physiological role.
Adhesion molecules were previously shown to participate in the homing and infiltration of T cells into the brain (Baron et al., 1993; Denucci et al., 2009; Engelhardt and Ransohoff, 2005) . We hypothesized that these signaling pathways may be hijacked to facilitate melanoma cell adhesion in the brain. To test this hypothesis and gain mechanistic insights on CXCR3-driven signaling in promoting brain tropism, we analyzed whether astrocyte-derived factors affected the expression of known adhesion molecules in melanoma cells. Incubation of melanoma cells with astrocyte-CM upregulated Cxcr3, Itgb2 (Lfa-1), Itgb4, Itgb5, and Selplg levels ( Figure 4F ). To assess whether integrin upregulation could be downstream of CXCR3, we incubated CXCR3-overexpressing RMS cells with activated astrocyte-CM. Analysis of the results revealed an upregulation of Itgb4 and Itga1 in CXCR3overexpressing RMS cells, compared to the parental RMS cells ( Figure S5A ). Notably, integrin b4 (ITGb4) and ITGb5 were recently shown to be expressed in brain organotropic melanoma cells and exosomes and to mediate breast cancer lung and liver metastases (Hoshino et al., 2015) . We therefore tested whether ITGb4 is evident in early brain metastasis. Staining of spontaneous brain micrometastases specimens indicated that ITGb4 was expressed by metastasizing melanoma cells and by the associated blood vessels, but not in normal brains (Figures 4G,  S5B , and S5C). These results suggest that the physiological function of astrocytes in T cell recruitment is hijacked by melanoma cells via the upregulation of adhesion molecules in brainmetastasizing melanoma cells.
CXCR3 Is Functionally Important for the Formation of Melanoma Brain Metastases In Vivo
Encouraged by the in vitro results, we next investigated the role of CXCR3 in facilitating brain tropism in vivo. Analysis of CXCR3-KD cell infiltration in the organotypic ex vivo 3D system demonstrated that targeting the expression of CXCR3 in melanoma cells significantly inhibited their capacity to infiltrate brain tissue, as compared with control cells, suggesting that CXCR3 is an important mediator of brain colonization (Figures 5A and 5B) . Finally, we investigated the functional importance of CXCR3 in melanoma brain tropism by analyzing the formation of experimental brain metastasis following the intracardiac injection of CXCR3-KD RMS or SC-RMS control cells ( Figure 5C ). The early (F) qPCR analysis of integrin expression in RMS cells following incubation for 48 h with activated astrocyte-CM. The results were normalized to Hprt and the SFM control of each independent repeat (fold change). The data are presented as means ± SEMs of n = 3 independent experiments, one-tailed t test; *p = 0.0397 and **p = 0.0009. A similar experiment with CXCR3-overexpressing cells is shown in Figure S5A . (G) Staining of spontaneous brain micrometastases (melanoma, mCherry red) with ITGb4 (green); 2D and 3D maximal projections. Scale bars, 10 mm. Multiple fields analyzed from n = 3 mice. Additional images are shown in Figure S5B . formation of macrometastases was assessed by intravital computed tomography (CT) imaging 9 days after injections, which indicated that mice injected with CXCR3-KD RMS cells had fewer metastatic lesions (Figures 5D, S5D, and S5E) . Mice were euthanized the next day, and the gross inspection of brains confirmed that the inhibition of CXCR3 resulted in fewer macrometastases ( Figure 5E ). Moreover, we histologically validated the presence of metastases and found that SC-RMS cells formed larger metastatic lesions, which were associated with extensive astrogliosis ( Figure 5F ). Quantitative analysis of brain metastatic load by qPCR for mCherry was consistent with the macroscopic observations: CXCR3 knockdown decreased the occurrence of brain macrometastases by $38%. While 56.5% of SC-RMS-injected mice developed brain macrometastases, only 18.2% of the mice injected with CXCR3-KD melanoma cells exhibited macrometastatic lesions ( Figures 5G and 5H) . Our results implicate the CXCL10-CXCR3 axis in mediating the brain tropism of melanoma cells via interactions with astrocytes ( Figure 5I ).
DISCUSSION
The formation of a hospitable metastatic niche, providing a growth-promoting environment for metastasizing tumor cells, is one of the determinants of organ-specific tropism. Astrocytes are major players in mediating neuroinflammation (Skaper et al., 2018) , but their role in facilitating the formation of brain metastases is largely unknown. Here, we show that astrocyte-mediated inflammatory signaling via the CXCL10-CXCR3 axis is functionally important for promoting the brain tropism of melanoma.
We demonstrated that melanoma-secreted factors instigate the pro-inflammatory reprogramming of normal astrocytes and the upregulation of multiple pro-inflammatory mediators, including CXCL10. This pro-inflammatory gene signature was previously shown to be part of a gliosis-related tissue damage response in astrocytes (Zamanian et al., 2012) . Moreover, we showed CXCL10 upregulation in both murine and human metastases-associated astrocytes in vivo. Notably, CXCL10 expression was evident in astrocytes that were physically in juxtaposition to brain-metastasizing melanoma cells and was already detectable in micrometastases, confirming our previous findings that neuroinflammation is an early event during the formation of brain metastases . CXCL10 was previously demon-strated to be induced in human melanoma cells (Mauldin et al., 2015) , and its levels were found to be elevated in the cerebrospinal fluid (CSF) of patients with melanoma brain metastases (Lok et al., 2014) . However, the functional role of astrocyte-derived CXCL10 in facilitating brain metastasis was unresolved. We found that tumor cell-induced upregulation of CXCL10 in astrocytes resulted in the enhanced migration of melanoma cells toward astrocytes, which was attenuated when CXCL10 was inhibited. Silencing CXCL10 in melanoma cells also attenuated their migration. Previous studies implicated autocrine signaling by melanoma-derived CXCL10 in tumor progression and metastasis (Mauldin et al., 2015; Wightman et al., 2015) . Thus, the migration of melanoma cells is mediated via both autocrine and paracrine signaling by activated astrocytes. Of note, while in vivo CXCL10 may be secreted by multiple cell types, including microglia, tumor cells, and astrocytes (Liu et al., 2011) , in our in vitro experiments, astrocytes were the only source of CXCL10. Thus, our findings confirm the function of astrocyte-derived CXCL10 in the chemoattraction of melanoma cells.
To characterize melanoma brain tropism, we generated braintropic cells (sBT-RMS) from spontaneous brain metastases. When injected orthotopically, sBT-RMS cells were more aggressive in the formation of brain metastases compared to the parental melanoma cells, confirming their brain tropism in vivo.
Chemokine receptors were previously suggested to be upregulated in brain metastatic melanoma cells (Izraely et al., 2010) . We show that CXCL10 neutralization attenuated the migration of brain-tropic melanoma cells (sBT-RMS) toward astrocytes, and that CXCR3, the receptor of CXCL10, is upregulated in sBT-RMS cells compared with the RMS parental cells. Moreover, sBT-RMS cells had an advantage in forming brain metastases while forming fewer lung metastases in vivo, indicating that CXCR3 expression endows melanoma cells with an advantage in forming brain metastases. We further show that abrogating the expression of CXCR3 by shRNA transduction or by nanoparticle-mediated siRNA delivery significantly inhibited melanoma cell migration toward astrocytes in vitro. Targeting the expression of CXCR3 profoundly inhibited infiltration into the brain parenchyma in a 3D ex vivo brain tissue model and the incidence of brain metastasis in vivo. Furthermore, CXCR3 overexpression facilitated the formation of metastases in vivo. These findings implicate a functional role for astrocytederived CXCL10 in facilitating melanoma brain metastasis. Figures S5D and S5E . (E) Representative images of brain macrometastases (midsagittal plane). Scale bar, 5 mm. (F) Staining of astrocytes (GFAP, digitally colored green) in brain sections of SC-RMS or sh1-CXCR3-injected mice (melanoma cells [mCherry, red] ). Representative images of multiple fields analyzed from n = 3 mice per group, Scale bars, 25 mm. (G) Brain metastatic load analyzed by qPCR of mCherry. The cutoff for macrometastases was determined as 2 3 SD 3 10 2 and was combined with gross inspection findings (see Method Details). SC-RMS: n = 23, sh1-CXCR3: n = 22, sh2-CXCR3: n = 22, from n = 2 independent biological repeats. (H) Brain metastasis incidence of mice analyzed in (G): percentages of micro-and macrometastases in each treatment group. (I) The CXCL10-CXCR3 axis in brain tropism: melanoma soluble factors induce CXCL10 secretion by astrocytes. CXCL10 signaling supports the brain invasion and colonization of CXCR3-expressing melanoma cells. This figure was designed using graphical elements from BioRender.
The migration of effector T cells into melanoma tumors was shown to depend on the presence of CXCL10-producing CD103 + dendritic cells in a mouse model of melanoma and in human samples of metastatic melanoma (Spranger et al., 2017) . However, while CXCL10 was previously implicated in the recruitment of effector T cells to the brain in inflammatory diseases (Ryu et al., 2015) and in primary CNS tumors (De Waele et al., 2017) , its function in recruiting T cells to brain metastases is unknown. Our data indicate that T cells are mobilized by astrocyte-derived CXCL10, and staining in vivo confirmed that T cells were found in greater abundance in metastases-bearing brains in comparison to normal brains. While the CXCL10 pathway is not exclusively responsible for T cell recruitment, our data suggest that its physiological function in T cell recruitment is hijacked by melanoma cells to mediate their brain tropism.
The high density of CD3 + or CD8 + T cells was shown to be correlated with better overall survival in patients with brain metastases (Berghoff et al., 2013 (Berghoff et al., , 2015a . Moreover, CXCR3 expression on cytotoxic T lymphocyte (CTLs) was shown to enhance the therapeutic response to anti-PD-1 treatment in a mouse model of melanoma (Chheda et al., 2016) . The expression of CXCR3 on NK cells was also shown to be important for CXCL10-induced chemoattraction in the anti-tumor response against solid melanoma tumors (Kim et al., 2018; Wennerberg et al., 2015) . Therefore, future therapeutic targeting of CXCR3 aiming to interfere with astrocyte-melanoma cell crosstalk will need to be carefully designed to be tumor cell specific to avoid the abrogation of effector T cell recruitment to the brain.
In summary, we found that neuroinflammation, physiologically instigated as a protective response of astrocytes to overcome brain tissue damage, is hijacked by brain-metastasizing tumor cells to promote their metastatic capacity. CXCL10, which physiologically promotes immunity by recruiting effector T cells, supports the brain tropism of CXCR3-expressing melanoma cells and attracts melanoma cells to the metastatic site. Thus, reciprocal interactions between metastasizing melanoma cells and astrocytes are an important determinant in brain metastases. These findings suggest that the CXCL10-CXCR3 axis is a potential target for disrupting the formation of a pro-metastatic neuroinflammatory brain niche and for preventing melanoma brain metastatic relapse.
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Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Melanoma cell culture RMS (Ret-melanoma sorted) cells , their derivative organ-tropic and transduced cell lines were grown in RPMI media (01-100-1A, BI) supplemented with 10% FCS, 1% Sodium Pyruvate (03-042-1B, BI) and 1% Penicillin-Streptomycin (03-031-1B, BI), at 37 C and 5% CO 2 . Melanoma cell lines were routinely tested for mycoplasma using the EZ-PCR Mycoplasma test kit (20-700-20, BI).
Ethical statement for use of animals
All experiments involving animals were approved by the Tel Aviv University Institutional Animal Care and Use Committee (IACUC approval # 01-16-106). 5-8-week-old male C57BL/6RCC (Envigo, Israel) mice were maintained at the SPF facility of the Tel Aviv University or in the conventional animal facilities of the University of Regensburg (Germany).
Isolation of adult mouse primary astrocytes
Isolation of mouse primary astrocytes was performed as previously described (Lifshitz et al., 2013; Schwartz et al., 2016) . 5-6-weekold C57/BL6 male mice were euthanized and their brains were harvested, minced and dissociated to single cell suspensions in collagenase type-III (LS004182, Worthington Biochemical Corporation) and dispase (04942078001, ROCHE achieved using percoll (P4937-500ML, Sigma-Aldrich). Isolated cells were seeded in 24 well plates pre-coated with poly-D-lysine (P7405, Sigma), and cultured in RPMI media supplemented with 10% FCS, 1% Sodium Pyruvate and 1% Penicillin-Streptomycin, at 37 C and 5% CO 2 . All experiments were performed on low passage (p2-5) cells.
Spontaneous melanoma brain metastasis model
We utilized our previously established spontaneous model of melanoma brain metastasis . A total of 5 3 10 5 RMS or sBT-RMS cells were re-suspended in PBS and mixed 1:1 with growth factor-reduced Matrigel (356231, BD Biosciences) to a final volume of 50mL. Mice were anesthetized by isoflurane, and a 29G insulin syringe (BD Biosciences) was used to perform subdermal injections at the right flank. Tumors were measured every other day using calipers, and tumor volumes were calculated using the formula X 2 3Y30:5 (X-smaller diameter, Y-larger diameter). Tumors were excised 2 weeks later, following anesthesia with ketamine (100 mg/kg) xylazine (10 mg/kg). An incision was made in the skin adjacent to the tumor and it was dissected with clean margins. Tumor-associated connective tissue and blood vessels were also detached to prevent recurrence, and the incision was sutured using vicryl threads (J304H, ETHICON). Mice were weighed twice weekly and monitored until relapse or euthanasia.
Spontaneous brain-tropic and lung-tropic RMS cell lines Following subdermal injection of RMS cells, and primary tumor excision, mice were monitored for spontaneous lung or brain macrometastases. Overt macrometastases from lungs and brains ($6 months after primary tumor removal) were dissected, cut into small pieces, cultured for a week, and treated with 2mg/ml Puromycin (MegaPharm, P-1033-SOL), to select for mCherry-expressing melanoma cells. The cells isolated from brain and lungs were designated sBT-RMS (spontaneous brain-tropic RMS) and sLT-RMS (spontaneous lung-tropic RMS), respectively. Cells were then injected subdermally and monitored closely following primary tumor excision, as described above. Mice were euthanized 1.5 months post tumor excision, and brains were harvested for RNA extraction and qPCR analysis of metastases, which validated the organ-specific metastatic capability of the established cell lines.
Intracranial injections 8-week-old male C57BL/6 mice were anesthetized by isoflurane and placed in a Kopf Stereotaxic Alignment System. 500 RMS cells in 3ml RPMI were injected as previously described (Levy et al., 2012; Schwartz et al., 2016) . RPMI SFM was injected as control. Macrometastases-bearing brains were harvested 5 days later and processed for histology or FACS analysis as described below.
Experimental metastases by intracardiac injections 8-week-old male C57BL/6 mice were anesthetized with ketamine/xylazine. Mice were placed under a small animal ultrasound (Vevo 770 High-Resolution In Vivo Micro-Imaging System; VisualSonics Inc.). 10 5 RMS cells in 100ml PBS were inoculated into the left ventricle of the heart using a 29G needle. Mice were weighed every other day. Mice injected with RMS CXCR3-KD cells underwent CT imaging 9 days after injections and were euthanized on day 10. Brains were harvested and hemisected in the midsagittal plane for gross inspection of macrometastases. Brains were flash frozen for RNA extraction and qPCR analysis of metastases. Three representative hemispheres from each group were taken for histological analysis. Mice injected with RMS CXCR3 OE underwent CT imaging 14 days after injections and were euthanized on the same day. Total brain RNA was extracted, and brain metastatic load was assessed by qPCR of mCherry expression, as described below. Metastasis positivity threshold was set at 2 3 SD above the mean expression in normal control brains. The threshold for macrometastases was set at 2 3 SD 3 10 2 above the mean expression in normal control brains. The final cutoff for macrometastases included the detection of macrometastases by gross inspection or by CT.
Brain organotypic co-cultures
These experiments were performed with RMS, sBT-RMS, sLT-RMS, SC-RMS and CXCR3-KD cells, as previously described (Blazquez and Pukrop, 2017; Chuang et al., 2013a) . Brains were sliced horizontally into 350 mm sections using a vibratome. Organotypic brain slices were placed on a 0.4 mm polycarbonate transwell membrane insert in a 6 well plate with 1ml cultivation medium in the lower well. 10 5 tumor cells were embedded in 20 mL gel matrix of 30% RPMI medium and 70% ECM gel. RMS-gel matrix mix was placed into a sterile metallic spacer (3.8mm diameter) adjacent to the cortical region of the organotypic brain slice and incubated for 1h. The spacer was removed, and the 3D tumor spheroid was left to co-culture with the brain slice for 4 days. Immunofluorescent staining of astrocytes and microglia in the organotypic brain slice was performed. Tumor infiltration grade was determined using a scoring system: 0 = no infiltration; + < 1/3; ++ = 1/3 -2/3; +++ R 2/3 of the contact area infiltrated by tumor cells.
Human subjects
Patient-derived melanoma brain metastases tissues were collected after written informed consent was obtained from the research subjects (males, aged 58 and 62) by the Tel Aviv Sourasky Medical Center, under an approved institutional review board (IRB) (0735-12-TLV).
